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Maddox JW, Gleason E. Nitric oxide promotes GABA release by
activating a voltage-independent Ca2⫹ influx pathway in retinal amacrine cells. J Neurophysiol 117: 1185–1199, 2017. First published
January 4, 2017; doi:10.1152/jn.00803.2016.—Retinal amacrine cells
express nitric oxide (NO) synthase and produce NO, making NO
available to regulate the function of amacrine cells. Here we test the
hypothesis that NO can alter the GABAergic synaptic output of
amacrine cells. We investigate this using whole cell voltage clamp
recordings and Ca2⫹ imaging of cultured chick retinal amacrine cells.
When recording from amacrine cells receiving synaptic input from
other amacrine cells, we find that NO increases GABAergic spontaneous postsynaptic current (sPSC) frequency. This increase in sPSC
frequency does not require the canonical NO receptor, soluble guanylate cyclase, or presynaptic action potentials. However, removal of
extracellular Ca2⫹ and buffering of cytosolic Ca2⫹ both inhibit the
response to NO. In Ca2⫹ imaging experiments, we confirm that NO
increases cytosolic Ca2⫹ in amacrine cell processes by activating a
Ca2⫹ influx pathway. Neither the increase in sPSC frequency nor the
cytosolic Ca2⫹ elevations are dependent upon Ca2⫹ release from
stores. NO also enhances evoked GABAergic responses. Because
voltage-gated Ca2⫹ channel function is not altered by NO, the increased evoked response is likely due to the combined effect of
voltage-dependent Ca2⫹ influx adding to the NO-dependent, voltageindependent, Ca2⫹ influx. Insight into the identity of the Ca2⫹ influx
pathway is provided by the transient receptor potential canonical
(TRPC) channel inhibitor clemizole, which prevents the NO-dependent increase in sPSC frequency and cytosolic Ca2⫹ elevations. These
data suggest that NO production in the inner retina will enhance
Ca2⫹-dependent GABA release from amacrine cells by activating
TRPC channel(s).
NEW & NOTEWORTHY Our research provides evidence that nitric
oxide (NO) promotes GABAergic output from retinal amacrine cells
by activating a likely transient receptor potential canonical-mediated
Ca2⫹ influx pathway. This NO-dependent mechanism promoting
GABA release can be voltage independent, suggesting that, in the
retina, local NO production can bypass the formal retinal circuitry and
increase local inhibition.
nitric oxide; amacrine cells; synaptic transmission; GABA; Ca2⫹
AMACRINE CELLS (ACs) are retinal interneurons that shape the
visual signal in the inner retina via activity of their primarily
glycinergic and GABAergic synapses. Most ACs have mixeduse dendrites because they are sites of both synaptic input and
synaptic output. ACs form complex microcircuits by making
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reciprocal and serial inhibitory synapses with bipolar cells,
ganglion cells and other ACs (Chávez et al. 2010; Grimes et al.
2010, 2015; Tsukamoto et al. 2001). These microcircuits are
localized to AC dendrites, which can also have localized Ca2⫹
elevations (Euler et al. 2002).
Nitric oxide synthase (NOS) is a nitric oxide (NO) synthesizing enzyme that has two Ca2⫹-sensitive isoforms: endothelial NOS (eNOS) and neuronal NOS (nNOS). Both of these
enzymes have been localized to ACs as well as other retinal
cell types (Fischer and Stell 1999; Haverkamp et al. 2000; Kim
et al. 1999, 2000; Pang et al. 2010; Tekmen-Clark and Gleason
2013). nNOS has also been localized to AC presynaptic terminals in the inner turtle retina (Cao and Eldred 2001), suggesting that localized NO synthesis can affect neurotransmitter
release.
The major signaling mechanisms for NO are through the
cGMP pathway via activation of the canonical NO receptor,
soluble guanylate cyclase (sGC), and through the direct chemical modification of proteins via S-nitrosylation. The lightdependent operation of both of these pathways appears to be
widespread in the retina (Blom et al. 2012; Tooker and Vigh
2015). Although NO is typically viewed as diffusible, NO
imaging has demonstrated that NO is largely confined to
cellular boundaries in multiple retina cell types, including ACs
(Eldred and Blute 2005; Tekmen-Clark and Gleason 2013).
This implies that NO-dependent mechanisms can be localized
to NO-producing cells and to their immediate synaptic partners.
The functions of NO in the retina are not fully known, but
multiple sites of NO action have been identified. NO production is stimulated under photopic illumination and is known to
be involved in light adaptation. For example, NO decouples
horizontal cells (HCs) from other HCs (DeVries and Schwartz
1989; Miyachi et al. 1990) and decouples ON bipolar cells
from A2 ACs (Mills and Massey 1995). NO can also affect the
ON and OFF pathways. In retinal ganglion cells, NO reduces
both ON and OFF light responses with the OFF responses
being the most sensitive to NO (Wang et al. 2003). The
mechanism underlying this inhibition of the pathway was not
fully worked out, but the results pointed to an effect on neurons
presynaptic to ganglion cells, most likely ACs. Thus AC
synaptic function may be regulated by NO.
To test the hypothesis that NO can alter synaptic output from
ACs, we employed whole cell current recordings and intracellular Ca2⫹ imaging in cultured chick ACs. We found that the
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NO donor S-nitroso-N-acetyl-DL-penicillamine (SNAP) increased both spontaneous and evoked GABAergic neurotransmission due to a NO-dependent increase of cytosolic Ca2⫹. We
find that a likely transient receptor potential canonical (TRPC)mediated Ca2⫹ influx is required; however, Ca2⫹ release from
stores is not. These data suggest that NO activates a presynaptic Ca2⫹ influx pathway that enhances GABAergic output
from AC synapses in the retina.
METHODS

Amacrine cell cultures. The use of chick embryos to prepare retinal
cultures was determined to be exempt by the Louisiana State University Institutional Animal Care and Use Committee. Eight-day white
leghorn (Gallus gallus) chick embryo retinas were removed from the
eyecup and dissected free of the retinal pigment epithelium. Retinas
were initially dissociated in Ca2⫹- and Mg2⫹-free Hank’s solution
(Life Technologies, Grand Island, NY). The tissue was centrifuged
(950 g), and the supernatant replaced with 0.125% trypsin (SigmaAldrich, St. Louis, MO). The pellet was resuspended and incubated at
37°C 5% CO2 for 30 min. After incubation and centrifugation (1,900
g), the supernatant was replaced with Dulbecco’s modified Eagle’s
medium (Life Technologies) supplemented with 5% fetal bovine
serum (Sigma-Aldrich), penicillin (100 U/ml), streptomycin (100
g/ml) and glutamine (2 mM) (Life Technologies). Cells were plated
at a density of 2.5 ⫻ 105 cells/35-mm dish that were pretreated with
0.01% poly-DL-ornithine hydrobromide (Sigma Aldrich). Cultures
were fed every other day after initial plating by replacing one-half of
the media with neurobasal medium supplemented with 1% B-27,
penicillin (100 U/ml), streptomycin (100 g/ml) and glutamine (2
mM) (Life Technologies). Experiments were performed on ACs that
had been in culture for 8 –13 days (embryonic equivalent days 16 –
21). Over this time in culture, AC-to-AC GABAergic synapses are
functional. ACs were identified on morphological criteria (Gleason et
al. 1993).
Electrophysiology. Whole cell voltage clamp recordings were performed using Axopatch 1D amplifier, Digidata 1322A data-acquisition board, and Clampex 10.0 (Molecular Devices, Sunnyvale, CA).
Patch pipette electrodes with a tip resistance between 5 and 10 M⍀ for
ruptured-patch recordings or 3–5 M⍀ for perforated-patch recordings
were pulled from thick-walled borosilicate glass (1.5 mm outer
diameter, 0.86 mm inner diameter) using a P-97 Flaming/Brown
Puller (Sutter Instruments, Novato, CA). A reference Ag/AgCl electrode pellet was placed in 3 M KCl and connected to the culture dish
with a 3 M KCl agarose bridge. Recordings were performed at room
temperature (22–24°C). A pressurized perfusion system (AutoMate
Scientific, Berkeley, CA) was used to deliver external solutions at a
flow rate of 1 ml/min. Most recordings were performed on postsynaptic ACs whose processes were in contact with unclamped presynaptic ACs and that had spontaneous postsynaptic currents (sPSCs).
Variability of basal sPSC frequency depended on cell culture density.
Denser cultures had higher basal sPSC frequency, possibly due to
more synaptic sites. Cells that did not have basal sPSCs also did not
respond to SNAP and were excluded from the analysis. Autaptic
recordings were made from ACs that were not in contact with other
ACs to eliminate the possibility that input was coming from unclamped cells.
Solutions. All reagents were purchased from Sigma-Aldrich, unless
otherwise stated. Tetraethylammonium (TEA)-Cl external solution (in
mM) contains the following (in mM): NaCl (117), KCl (5.3), TEA-Cl
(20), CaCl2 (3), MgCl2 (0.41), glucose (5.6), HEPES (10), pH 7.4.
LiCl (117 mM) replaced NaCl in evoked autaptic experiments to
block the Na⫹/Ca2⫹ exchanger current that can contaminate the
autaptic currents at the end of the voltage step (see Fig. 8). Rupturepatch high Cl⫺ internal solution contains the following (in mM): CsCl
(110), MgCl2 (2), CaCl2 (0.1), EGTA (1), HEPES (10), NaCl2 (1),
ATP-2Na⫹ (3), ATP-2K⫹ (1), GTP (2), phosphocreatine (20), crea-

tine phosphokinase (50 U/ml), pH 7.4. Perforated-patch high Cl⫺
internal solution contains the following (in mM): CsCl (145), MgCl2
(2), CaCl2 (0.1), EGTA (1), HEPES (10), NaCl (1), pH 7.4, amphotericin B (200 g/ml). Perforated-patch normal internal solution
contains the following (in mM): Cs-acetate (135), MgCl2 (2), CaCl2
(0.1), EGTA (1), HEPES (10), NaCl (1), pH 7,4, amphotericin B (200
g/ml). Typical reversal potential for Cl⫺ in cultured ACs is approximately ⫺80 mV to ⫺60 mV; however, these high Cl⫺ internal
solutions increase the reversal potential of Cl⫺ to 0 mV, increasing the
driving force on Cl⫺ and improving the resolution of quantal events.
High internal Cl⫺ also blocks the NO-dependent release of Cl⫺
(Hoffpauir et al. 2006). While our laboratory has previously shown
that the concentration of SNAP used here (500 M) does not elicit
Cl⫺ release (Hoffpauir et al. 2006), this internal further ensures that
the NO-dependent release of Cl⫺ will not confound our results. For
imaging experiments, the following external solutions were used:
normal external solution containing (in mM) NaCl (137), KCl (5.37),
CaCl2 (3), MgCl2 (0.41), glucose (5.6), HEPES (3.02), pH 7.4; and 0
Ca2⫹ external solution (0 Ca2⫹ext) containing (in mM) NaCl (141.5),
KCl (5.37), MgCl2 (0.41), glucose (5.6), HEPES (3.02), pH 7.4.
Reagents. The NO donor S-nitroso-N-acetyl-DL-penicillamine
(SNAP, 500 M; Enzo, Farmingdale, NY), the NO scavenger 2-[4carboxyphenyl]-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(CPTIO, 10 M, Enzo), bicuculline (10 M), and tetrodotoxin (TTX;
300 nM; Abcam, Cambridge, MA) were dissolved directly into the
external solution. 1,2-Bis(2-aminophenoxy)ethane-N,N,N=,N=tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM, 10 M,
Life Technologies) was prepared as a 10 mM stock in DMSO. The
stock was diluted into Hank’s balanced salt solution with NaHCO3
(HBSS), briefly vortexed and sonicated for 30 s. Cells were incubated
with BAPTA-AM at 37°C in 5% CO2 for 45 min before recording.
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 2 M; Tocris,
Bristol, UK), 2-aminoethoxydiphenylborane (2-APB, 20 M; Tocris),
1-[2-(4-methoxyphenyl)-2-[3-(4-methoxyphenyl)propoxy]ethyl-1Himidazole hydrochloride (SKF96365, 30 M, Tocris), N-ethylmaleimide (NEM, 300 M; Sigma), 1,4-dihydro-2,6-dimethyl-4-(2nitrophenyl)-3,5-pyridinedicarboxylic acid dimethyl ester (nifidipine,
20 M; Tocris), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 50
M), and 1-[(4-chlorophenyl)methyl]-2-(1-pyrrolidinylmethyl)-1Hbenzimidazole hydrochloride (clemizole, 10 M; Tocris) were prepared as 1,000⫻ stocks in DMSO and diluted to 1⫻ in external
solution. D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5, 10 M;
Tocris) was prepared as a 10 mM stock and diluted in external
solution. The sarco/endoplasmic reticulum Ca2⫹ ATPase (SERCA)
pump inhibitor thapsigargin (TG; 2 M; Enzo) was prepared as a 2
mM stock in DMSO and added directly to the culture media. Cells
were incubated with TG at 37°C in 5% CO2 for 1 h. The external
solution pH was readjusted to 7.4 after the addition of reagents.
Calcium imaging. The fluorescent Ca2⫹ indicator Oregon Green
488 BAPTA-1, AM (OGB; 2 M, Life Technologies) was prepared as
a 2 mM stock in DMSO. OGB stock and Pluronic F-127 (2.5% wt/vol
in DMSO, Life Technologies) were mixed in a 1:1 ratio and sonicated.
Two microliters of the OGB/Pluronic mixture were diluted in 1 ml of
HBSS and then briefly vortexed and sonicated for 30 s. Cells were
incubated with the HBSS/OGB/Pluronic mixture for 1 h at room
temperature (22–24°C). HBSS/OGB/Pluronic mixture was replaced
with normal external solution. Images were taken every 500 ms
(200-ms exposure, see Figs. 6, A and B, and 10, C and D), 3 s (400-ms
exposure, see Fig. 4A), or 6 s (200-ms exposure, see Figs. 4C and 6,
E, F, and I). To obtain data relevant to synaptic function, regions of
interest (ROIs) were chosen at sites of contact between processes.
Images were captured on an inverted Olympus IX70 microscope
(Tokyo, Japan) fitted with a SensiCam QE (Cooke, Kelheim, Germany). Data were collected and analyzed using Slidebook software
(Intelligent Imaging Innovations, Denver, CO). In all Ca2⫹ imaging
experiments, the control fluorescence mean was calculated by using
the average of the last 10 ROI time points before switching solutions,
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and the fluorescence means after switching solutions were calculated
by using the 10 ROI time points from the middle of each solution
application. The control and different solution fluorescence means
were used to calculate percent change in fluorescence.
Data analysis. For sPSC electrophysiology experiments, Mini
Analysis Program (Synaptosoft, Fort Lee, NJ) was used to detect and
analyze sPSCs. Quantal event kinetics were analyzed using data from
Fig. 5, A and C, (No BAPTA) in which the recorded cells were only
exposed to SNAP. Multiquantal events were removed from analysis
by determining the mean and SD of the rise time of quantal events
from control data where multiquantal events are extremely rare.
Quanta with a rise time longer than 3.7 ms (mean rise time plus 1 SD)
were excluded from the analysis. Mean amplitudes (pA), mean rise
times (ms) and mean decay times (ms) were determined from each of
the 9 recorded cells during control (254 total events) and application
of SNAP (319 total events, 489 multiquantal events removed). Mean
amplitude, mean rise time and mean decay time from each cell were
used for statistical analysis. Charge transfer integration and Ca2⫹
current leak subtraction were performed using OriginPro (OriginLab,
Northampton, MA). Charge transfer was calculated by integrating the
area under the postdepolarization autaptic current waveform. The
charge transfer integration (pA ⫻ s) was then calculated and reported
as pC. After linear leak subtraction, activation voltage of voltagegated Ca2⫹ channels (VGCCs) was measured at the point the Ca2⫹
current reached 5% of the maximum current amplitude. In autaptic
and voltage-ramp experiments, perforated-patch configuration using
amphotericin B (Sigma) was used to maintain the native presynaptic
environment as much as possible during prolonged recording times.
Because amphotericin B introduces an unknown liquid junction potential, voltages were left uncorrected. Statistics were performed using
GraphPad Prisim 6 (GraphPad Software, La Jolla, CA). Repeatedmeasures ANOVA with Fisher’s least significant difference post hoc
analysis was performed on all data, unless otherwise indicated. Data
are reported as means ⫾ SE.
RESULTS

SNAP increases sPSC frequency. To determine whether NO
affects spontaneous neurotransmitter release, ACs bearing pro-

cesses in contact with other (unclamped) ACs were voltage
clamped at ⫺70 mV in TEA-Cl external solution. For sPSCs
recordings, high-Cl⫺ internal solution was used to increase the
driving force on Cl⫺ (at ⫺70 mV). Under control conditions,
sPSCs corresponding to quantal events were observed ranging
in frequency from 1.4 to 77.6 events/30 s. When SNAP (500
M) and the NO scavenger CPTIO (10 M) were coapplied,
no change in sPSC frequency was observed (control,
9.8 ⫾ 3/30 s, SNAP/CPTIO, 10.7 ⫾ 3/30 s, P ⫽ 0.5, n ⫽ 8,
Fig. 1). When CPITO was removed and only SNAP was
present, however, there was a 108% increase in sPSC frequency (SNAP/CPTIO, 10.7 ⫾ 2.7/30 s, SNAP, 22.3 ⫾ 5.2/30
s, P ⫽ 0.03, n ⫽ 8). NO did not affect the quantal event
amplitude (control, 11.6 ⫾ 0.8 pA, SNAP, 11.3 ⫾ 1.2 pA, P ⫽
0.63, n ⫽ 9 cells, paired t-test), rise time (control, 2.3 ⫾ 0.1
ms, SNAP, 2.5 ⫾ 0.1 ms, P ⫽ 0.12, n ⫽ 9 cells, paired t-test),
or decay time (control, 9.55 ⫾ 1.1 ms, SNAP, 9.9 ⫾ 1.2 ms,
P ⫽ 0.86, n ⫽ 9 cells, paired t-test). Thus these data indicate
that NO, rather than the donor molecule or NO metabolites,
increased presynaptic spontaneous vesicle fusion and neurotransmitter release but did not affect the postsynaptic receptors.
NO-dependent increase of sPSC frequency does not require
sGC activity. The canonical receptor for NO is sGC. NOactivated sGC increases the production of the secondary messenger cGMP. To determine if NO-dependent activation of
sGC and cGMP signaling was involved in the increase of sPSC
frequency, cells were preincubated with the sGC inhibitor
ODQ (2 M) for 12 min before recording, and ODQ remained throughout the recording. Even in the presence of ODQ,
SNAP caused a 173% increase in sPSC frequency (ODQ,
20.1 ⫾ 4.5/30 s, ODQ/SNAP, 54.9 ⫾ 15.0/30 s, P ⫽ 0.03, n ⫽
12, Fig. 2). Acute application of ODQ alone did not alter sPSC
frequency (control, 6.6 ⫾ 3.19/30 s, ODQ, 5.25 ⫾ 2.8/30 s,
P ⫽ 0.06, n ⫽ 4, paired t-test). These data suggest that sGC does
not mediate the NO-dependent increase in sPSC frequency.
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Fig. 1. NO increases frequency of spontaneous postsynaptic currents (sPSCs). A: recording from a representative postsynaptic AC voltage clamped at ⫺70 mV
and synaptically connected with other unclamped ACs. Coapplication of the NO donor SNAP (500 M) and the NO scavenger CPTIO (10 M) had no effect
on the sPSC frequency. After removal of CPTIO, a significant increase sPSC frequency was observed. *Multiquantal events. B: quantified mean event frequency
of sPSCs/30 s ⫾ SE; n ⫽ 8. *P ⬍ 0.05, **P ⬍ 0.01 (repeated measures-ANOVA).
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Fig. 2. NO-dependent increase of sPSCs does not require soluble guanylate cyclase (sGC) activity. A: recording from a representative AC held at ⫺70 mV. Cells
were exposed to the sGC inhibitor ODQ (2 M) for at least 12 min before and throughout the recordings. SNAP increased the frequency of sPSCs in the presence
of ODQ. B: quantified mean event frequency of sPSCs/30 s ⫾ SE; n ⫽ 12. *P ⬍ 0.05 (paired t-test).

Because activation of the canonical NO receptor sGC is not
required for the increase in sPSC frequency, we investigated
the role of another NO signaling pathway, S-nitrosylation.
S-nitrosylation occurs when NO reacts with a cysteine
residue thiol group to form an S-nitrosothiol. S-nitrosylation
posttranslational protein modification is similar to phosphorylation in that it can alter the function of the targeted
protein. NEM, a known inhibitor of S-nitrosylation, was
used to investigate if S-nitrosylation was involved in the
NO-dependent increase in sPSC frequency. NEM (300 M),
however, caused an increase in sPSC frequency from baseline
by 411% (control, 24.2 ⫾ 15.26/30 s, NEM, 123.5 ⫾ 26.78/
30 s, P ⫽ 0.007, n ⫽ 7, paired t-test). Unfortunately, NEM has
multiple targets, including presynaptic proteins (Clary et al.
1990; Peters et al. 1990; Rothman 1996) and has been shown
to increase GABAergic spontaneous neurotransmitter release
(Kirmse and Kirischuk 2006; Knight et al. 2004) and activate
some Ca2⫹ channels (Bindoli and Fleischer 1983; Graham et
al. 2010; Pan et al. 2011). These results precluded further
experiments using NEM in this study.
NO increases GABAergic sPSC frequency. ACs in these
cultures have been demonstrated to be GABAergic (Gleason
et al. 1993). However, to confirm that NO is promoting the
release of GABA rather than an additional neurotransmitter,
the ionotropic GABA receptor antagonist bicuculline (10
M) was added to the extracellular solution during the
application of SNAP. SNAP caused a 190% increase in sPSC
frequency (control, 7.6 ⫾ 2.0/30 s to SNAP, 22.1 ⫾ 5.7/30 s,
P ⫽ 0.02; n ⫽ 9, Fig. 3, A and B). However, bicuculline caused
a 99% reduction in NO-dependent sPSC frequency (SNAP,
22.1 ⫾ 5.7/30 s, SNAP/bicuculline, 0.3 ⫾ 0.1/30 s, P ⫽ 0.003,
n ⫽ 9, Fig. 3, A and B). These data indicate that NO increased
GABAergic sPSCs due to increased presynaptic vesicle fusion
and GABA release, but not due to the release of any other
neurotransmitter. Previous work from our laboratory demonstrated a small (~15%) NO-dependent enhancement of whole
cell GABAA receptor currents, apparently due to an alteration
in channel function (Hoffpauir et al. 2006). Here we see no
effect of NO on sPSC current amplitude, suggesting that

synaptic and extrasynaptic receptors may be differentially
regulated.
NO-dependent increase of sPSC frequency is not action
potential dependent. Some ACs are known to fire action
potentials (APs) (Cook et al. 1998; Heflin and Cook 2007;
Watanabe et al. 2003). For the experiments recording sPSCs
(Figs. 1–3A), presynaptic ACs were unclamped, which allows
their membrane potentials to fluctuate and possibly produce
APs. To determine whether the NO-dependent increase of
GABA release was due to presynaptic APs in response to NO,
the voltage-gated Na⫹ channel blocker TTX (300 nM) was
included in the TEA-Cl external solution. In the presence of
TTX, SNAP still elicited a 202% increase in sPSC frequency
(TTX, 7.3 ⫾ 2.0/30 s, TTX/SNAP, 22.1 ⫾ 5.7/30 s, P ⫽ 0.03,
n ⫽ 5, paired t-test, Fig. 3, C and D). This indicates that sPSC
frequency was increased by a NO-dependent mechanism that
does not require APs.
The role of Ca2⫹. Vesicle fusion and neurotransmitter release depends on the local presynaptic Ca2⫹ concentration. To
determine whether NO affects cytosolic Ca2⫹, cytosolic Ca2⫹
levels were monitored using the fluorescent Ca2⫹ indicator
OGB (2 M). Data were collected from regions of neuronal
process contacts, potentially synaptic sites. Coapplication of
the NO scavenger CPTIO and SNAP did not significantly alter
intracellular Ca2⫹ (P ⫽ 0.17, n ⫽ 57, Fig. 4, A and B). After
removal of CPTIO, however, there was a 32% increase in
intracellular Ca2⫹ [CPTIO/SNAP, 26.7 ⫾ 1.2 arbitrary units
(AU), SNAP, 35.3 ⫾ 1.6 AU, P ⬍ 0.0001, n ⫽ 57, Fig. 4, A
and B]. Additionally, there was an 11% reduction in cytosolic
Ca2⫹ when external Ca2⫹ was removed during the SNAP
application, (SNAP, 7.9 ⫾ 0.5 AU, SNAP/0 Ca2⫹, 7.0 ⫾ 0.4
AU, P ⬍ 0.0001, n ⫽ 35, Fig. 4, C and D). These results
indicated that NO, rather than the donor molecule or NO
metabolites, increased intracellular Ca2⫹ via an extracellular
Ca2⫹-dependent mechanism.
Having established that NO can produce Ca2⫹ elevations in
ACs, we asked whether the Ca2⫹ elevations were driving the
NO-dependent increase in sPSCs. BAPTA-AM (10 M), a
cell-permeant fast Ca2⫹ chelator, was loaded into the cells
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Fig. 3. NO-induced increase in GABAergic sPSC frequency does not require action potentials. A: recording from a representative postsynaptic AC held at ⫺70
mV. Application of the NO donor SNAP increased the frequency of sPSCs. Addition of the GABAA receptor antagonist bicuculline abolished the NO-dependent
increase of sPSCs, indicating that these are GABAergic sPSCs. B: quantified mean event frequency of sPSCs/30 s ⫾ SE; n ⫽ 9. *P ⬍ 0.05, **P ⬍ 0.01 (repeated
measures-ANOVA). C: voltage clamp recording from a representative postsynaptic AC held at ⫺70 mV. SNAP increased the frequency of sPSCs in the presence
of the voltage-gated Na⫹ channel blocker TTX (300 nM). D: quantified mean event frequency of sPSCs/30 s ⫾ SE; n ⫽ 5. *P ⬍ 0.05 (paired t-test).

before recordings. In BAPTA-containing cells, sPSC frequency in the recorded cell was not enhanced by SNAP
(control, 5.9 ⫾ 1.1/30 s, SNAP, 6.4 ⫾ 1.1/30 s, P ⫽ 0.62, n ⫽
12, paired t-test, Fig. 5, B and C). In cells that did not have
BAPTA, however, SNAP caused a 172% increase in sPSC
frequency (control, 9.2 ⫾ 1.3/30 s, SNAP, 25.0 ⫾ 2.7/30 s,
P ⫽ 0.0002, n ⫽ 12, paired t-test, Fig. 5, A–C). These results
suggest that the NO-dependent increase in intracellular Ca2⫹ is
responsible for the NO-dependent increase in sPSC frequency.
To determine if Ca2⫹ influx, specifically, is involved in the
NO-dependent increase of sPSCs, extracellular Ca2⫹ was
removed during the application of SNAP. Prior to Ca2⫹
removal, SNAP caused a 61% increase in sPSC frequency
(control, 19.4 ⫾ 8.8/30 s, SNAP, 31.2 ⫾ 12.7/30 s, P ⫽
0.03, n ⫽ 8, Fig. 5, D and E). When extracellular Ca2⫹ was
removed during SNAP application, there was a 62% reduction
in sPSC frequency (SNAP, 31.2 ⫾ 12.7/30 s, SNAP/0 Ca2⫹,
11.9 ⫾ 7.1/30 s, P ⫽ 0.02, n ⫽ 8, Fig. 5, D and E). These
results indicate that Ca2⫹ influx is required for the NOdependent increase of sPSC frequency.

Ca2⫹ stores can play a role in vesicle fusion and GABA release
in ACs (Chávez et al. 2006, 2010; Ke et al. 2010; Warrier et al.
2005). The contribution of stores to the NO-dependent increase in
cytosolic Ca2⫹ was investigated in OGB-loaded ACs that were
preincubated with the SERCA pump inhibitor TG (2 M, 1 h).
The effectiveness of this treatment in emptying the Ca2⫹ store
was evaluated using caffeine (20 mM) to release store Ca2⫹. For
control cells in 0 Ca2⫹ext, caffeine reliably produced rapid increases in cytosolic Ca2⫹ at contact points between processes (0
Ca2⫹ext, 12.33 ⫾ 1.21 AU, 0 Ca2⫹ext and caffeine, 13.52 ⫾ 1.14
AU, P ⫽ 0.004, n ⫽ 25, Fig. 6, A–C). However, cells pretreated
with TG did not produce caffeine-dependent Ca2⫹ elevations,
indicating depletion of the Ca2⫹ store (Fig. 6, B and D). Using this
same TG pretreatment protocol, the effect of SNAP on cytosolic
Ca2⫹ was examined. Under normal external Ca2⫹ conditions,
SNAP elicited a 15% and 9% Ca2⫹ elevation in both control
(control, 6.2 ⫾ 0.4 AU, SNAP, 7.1 ⫾ 0.5 AU, P ⬍ 0.0001, n ⫽
50, paired t-test, Fig. 6, E and G) and TG-treated (control,
9.4 ⫾ 1.3 AU, SNAP, 10.2 ⫾ 1.2 AU, P ⬍ 0.0001, n ⫽ 17, paired
t-test, Fig. 6, F and H) cells, respectively. TG-treated cells pro-
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duced no NO-dependent Ca2⫹ elevations in the absence of extracellular Ca2⫹ (0 Ca2⫹, 6.9 ⫾ 0.3 AU, 0 Ca2⫹/SNAP, 6.8 ⫾ 0.3
AU, P ⫽ 0.06, n ⫽ 107, Fig. 6, I and J). These data show that,
under these conditions, NO elicits Ca2⫹ elevations by activating a
Ca2⫹ influx pathway exclusively.
To confirm that Ca2⫹ stores do not play a role in the
NO-dependent increase of sPSCs, voltage clamp recordings
were made from ACs preincubated in TG. SNAP still caused a
65% and 171% increase in sPSC frequency in TG-treated
(control, 18.3 ⫾ 5.3/30 s, SNAP, 30.2 ⫾ 6.1/30 s, P ⫽ 0.003,
n ⫽ 8, paired t-test, Fig. 7, B–C) and in control (control,
10.1 ⫾ 4.1/30 s, SNAP, 27.4 ⫾ 8.3/30 s, P ⫽ 0.034, n ⫽ 4,
paired t-test, Fig. 7, A and C) cells, respectively. These results

confirm that NO increases GABAergic sPSC frequency by
activating a plasma membrane Ca2⫹ influx pathway that is
independent of Ca2⫹ release from stores.
NO increases evoked GABAergic autaptic transmission. In
the retina, ACs receive excitatory signals from bipolar cells.
Depolarization of ACs leads to evoked neurotransmitter release
onto postsynaptic cells, which can be bipolar cells, ganglion
cells or other ACs. To determine the role of NO in evoked
neurotransmitter release, perforated patch whole cell recordings were performed on isolated ACs making autapses. Cells
were depolarized from ⫺70 mV to ⫺20 mV for 50 ms to
activate VGCCs and subsequently cause vesicle fusion and
neurotransmitter release. The autaptic currents persisting after
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Fig. 5. The NO-dependent increase of sPSC frequency is dependent upon cytosolic Ca2⫹ elevations. A and B: representative recordings from postsynaptic ACs
voltage clamped at ⫺70 mV. A: the NO donor SNAP was able to increase sPSC frequency under control conditions (No BAPTA). B: in BAPTA-loaded ACs
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effective in increasing the frequency of sPSCs. E: quantified mean frequency of sPSCs/30 s ⫾ SE; n ⫽ 8. *P ⬍ 0.05.

the voltage step were quantified. SNAP caused a 51% increase in
charge transfer (control, 177.0 ⫾ 47.6 pC, SNAP, 268.1 ⫾ 59.7
pC, P ⫽ 0.03, n ⫽ 6, Fig. 8, A and B). Bicuculline blocked the
NO-dependent increase of the charge transfer (bicuculline,
48.2 ⫾ 13.4 pC, bicuculline/SNAP, 53.1 ⫾ 16.3 pC, P ⫽ 0.32,
n ⫽ 5, Fig. 8, C and D). Note that the apparent SNAP-dependent
change in the Ca2⫹ current amplitude during the voltage-step is
due to the contamination from inward GABA-gated current (Fig.
8A), an effect that is absent in the presence of bicuculline (Fig.
8C). The sPSC frequency was also elevated during the SNAP

application (Fig. 8A, inset). These data suggest that NO
increases evoked GABAergic neurotransmission, possibly
due to additive effects of two Ca2⫹ influx pathways being
activated (NO-dependent Ca2⫹ influx and voltage-dependent Ca2⫹ influx) simultaneously.
The effect of NO on sPSCs does not involve L-type VGCCs,
AMPARs or NMDARs. L-type VGCCs have been demonstrated
to mediate neurotransmitter release between these cultured
ACs (Gleason et al. 1993) and other AC synapses in the retina
(Habermann et al. 2003; Vigh and Lasater 2004). It has also
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2⫹

been demonstrated that NO can activate retinal ganglion cell
Ca2⫹ channels (Hirooka et al. 2000) and augment neuronal
L-type Ca2⫹ currents (Tozer et al. 2012). To determine if NO
has an effect on the voltage-gated Ca2⫹ current or activation
voltage, voltage ramps from ⫺90 mV to ⫹50 mV were
delivered in the presence of TTX (300 nM) and bicuculline
(10 M) to isolate the Ca2⫹ current. In these experiments,
perforated-patch normal internal solution and TEA-Cl external solution were used. Addition of SNAP did not change
the Ca2⫹ current amplitude (control, ⫺268.9 ⫾ 45.1 pA,
SNAP, ⫺261.2 ⫾ 43.8 pA, P ⫽ 0.45, n ⫽ 9, Fig. 9A) or the
Ca2⫹ channel activation voltage (control, ⫺45.36 ⫾ 1.1 mV,
SNAP, ⫺45.13 ⫾ 0.73 mV, P ⫽ 0.69, n ⫽ 9). Additionally,
the L-type VGCC inhibitor nifedipine (20 M) did not prevent
the NO-dependent increase in sPSC frequency (nifedipine,
20.40 ⫾ 4.2/30 s, nifedipine/SNAP, 37.65 ⫾ 6.07/30 s, P ⫽
0.028, n ⫽ 5, Fig. 9, B and C). The NO-dependent increase in
sPSC frequency remained unchanged after removal of nifedipine and leaving only SNAP in the bath (nifedipine/SNAP,
37.65 ⫾ 6.07/30 s, SNAP, 40.3 ⫾ 8.98/30 s, P ⫽ 0.78, n ⫽ 5).
These results demonstrate that L-type VGCCs are not involved. The possibility that NO could activate ␣-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and/or
N-methyl-D-aspartate (NMDA) glutamate receptors (AMPARs
and NMDARs) was investigated using Ca2⫹ imaging. The
AMPAR and NMDAR antagonists CNQX (50 M) and
D-AP5 (10 M), respectively, were applied before and during
the application of SNAP. While AMPRs and NMDARs were
blocked, NO increased intracellular Ca2⫹ by 10.8% (D-AP5/
CNQX, 8.1 ⫾ 0.3 AU, D-AP5/CNQX and SNAP, 8.9 ⫾ 0.4
AU, n ⫽ 152 ROIs, P ⬍ 0.0001, Fig. 9D). When D-AP5 and
CNQX were removed, intracellular Ca2⫹ remained elevated

(D-AP5/CNQX and SNAP, 8.9 ⫾ 0.4 AU, SNAP, 9.1 ⫾ 0.4
AU, n ⫽ 152 ROIs, P ⫽ 0.1). These results show that NO does
not activate L-type VGCCs, AMPARs or NMDARs. Therefore, NO must be activating another plasma membrane Ca2⫹
influx pathway to admit extracellular Ca2⫹ presynaptically and
to increase sPSC frequency.
Clemizole blocks the NO-dependent increase in sPSC frequency and intracellular Ca2⫹. Previous work in our laboratory demonstrated that these ACs contain mRNA for TRPC
subunits 1, 3, 4, 5, 6, and 7 (Crousillac et al. 2003), and TRPC
channels can be activated via S-nitrosylation (Yoshida et al.
2006). To explore the possible role of TRPC channels in the
NO-dependent increase in sPSC frequency, we used two traditional TRPC inhibitors, 2-APB and SKF96365. These inhibitors, however, have multiple documented effects on other ion
channels, some of which conduct Ca2⫹ (DeHaven et al. 2008;
Hong et al. 1994; Hotta et al. 2005; Leung et al. 1996; Merritt
et al. 1990; Prakriya and Lewis 2001; Singh et al. 2010;
Usmani et al. 2010; Wang 2003). Application of 2-APB (20
M) alone increased sPSC frequency from baseline by 108%
(control, 52 ⫾ 7.5/30 s, 2-APB, 107.9 ⫾ 15.3/30 s, P ⫽ 0.01,
n ⫽ 10, paired t-test), and application of SKF96365 (30 M)
alone increased sPSC frequency from baseline by 431% (control, 33.4 ⫾ 7.5/30 s, SKF96365, 177.4 ⫾ 44.3 s, P ⫽ 0.044,
n ⫽ 4, paired t-test). To avoid these confounding effects,
clemizole (10 M), a more specific TRPC channel blocker
(with highest selectivity for TRPC5), was utilized to investigate TRPC channel involvement in the NO-dependent response. In the presence of clemizole, SNAP was unable to
increase sPSC frequency (control, 17.2 ⫾ 3.7/30 s, clemizole/
SNAP, 17.9 ⫾ 2.0/30 s, P ⫽ 0.84, n ⫽ 10, Fig. 10, A and B).
When clemizole was removed, SNAP increased sPSC fre-
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charge transfer ⫾ SE; n ⫽ 5. The NO donor SNAP did not significantly alter the evoked autaptic currents in the presence of bicuculline. P ⬎ 0.3 (paired t-test).

quency by 203% (clemizole/SNAP, 17.9 ⫾ 2/30 s, SNAP,
54.1 ⫾ 16.8/30 s, P ⫽ 0.04, n ⫽ 10, Fig. 10, A and B).
Additionally, SNAP was unable to increase process intracellular Ca2⫹ in the presence of clemizole (clemizole, 5.7 ⫾ 0.4
AU, clemizole/SNAP, 5.7 ⫾ 0.4 AU, P ⫽ 0.45, n ⫽ 46 ROIs,
Fig. 10, C and D). When clemizole was removed, SNAP
increased intracellular Ca2⫹ by 7% (clemizole/SNAP,
5.7 ⫾ 0.4 AU, SNAP, 6.1 ⫾ 0.4 AU, P ⬍ 0.0001, n ⫽ 46, Fig.
10, C and D). Clemizole is also able to block H1 histamine
receptors (Aguilar et al. 1986). It has been demonstrated that
these receptors are functionally expressed in rodent dopaminergic ACs, and that their activation can engender Ca2⫹
elevations (Frazão et al. 2011; Gastinger et al. 2006). Although
the ACs in our cultures are GABAergic, we tested whether
histamine (10 M and 100 M) produced Ca2⫹ elevations. We

found that Ca2⫹ elevations were not elicited by 10 M histamine (control, 5.09 ⫾ 0.25 AU, 10 M histamine, 5.05 ⫾ 0.26
AU, P ⫽ 0.16, n ⫽ 48) or 100 M histamine (control,
4.05 ⫾ 0.12 AU, 100 M histamine, 4.07 ⫾ 0.12 AU, P ⫽
0.19, n ⫽ 216), suggesting either that histamine receptors are
not expressed, or that their activation is not linked to an
increase in cytosolic Ca2⫹. Together, these results provide
evidence that NO increases GABA release from ACs by
activating a TRPC-mediated Ca2⫹ influx.
DISCUSSION

These results demonstrate that NO promotes neurotransmitter release at GABAergic synapses in retinal amacrine cells
(ACs). We find that this action of NO is not dependent on
presynaptic APs or sGC activity; however, it is dependent upon
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an elevation in cytosolic Ca2⫹. Both NO-dependent Ca2⫹
elevations and NO-dependent increases in sPSCs were unaffected by store depletion, indicating that Ca2⫹ influx alone
mediates the effects of NO. Evoked GABA release was also
enhanced in the presence of NO, but the activation of VGCCs
was unaffected by NO. Together, these observations imply
that, during evoked release, the NO-dependent Ca2⫹ elevations
can add to the voltage-dependent Ca2⫹ elevations to enhance
the evoked release of GABA. This interpretation is consistent
with the steep dependence of evoked neurotransmitter release
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on Ca2⫹ (Augustine and Charlton 1986; Dodge and Rahamimoff 1967; Reid et al. 2003). Blocking TRPC channels using
clemizole prevented the NO-dependent increase in sPSC frequency and intracellular Ca2⫹. These results suggest that NO
activates a TRPC-mediated Ca2⫹ influx pathway that is sufficient to drive synaptic exocytosis.
VGCC-independent GABA release. Other mechanisms of
VGCC-independent GABA release have been demonstrated in
ACs. Chávez et al. (2006) showed that, in the rat retina,
reciprocal GABAergic synapses from A17 ACs onto bipolar
cells can be directly stimulated by the activation of Ca2⫹permeable AMPA receptors. Voltage-independent GABA release was also demonstrated for cultured chick ACs via activation of metabotropic glutamate receptor 5 (Warrier et al.
2005). Both of these mechanisms involved amplification
through release of Ca2⫹ from stores. Additionally, a study of
unstimulated GABA release from cultured rat ACs demonstrated the involvement of both Ca2⫹ influx and store release
(Ke et al. 2010). The NO-dependent increase in sPSCs reported
here is novel because our results argue against a contribution
from stores.
NO and GABA release. In agreement with our finding in
cultured ACs, experiments measuring the levels of a GABA
analog loaded in slices of turtle retina showed that NO promoted GABA release from ACs as well as HCs (Yu and Eldred
2005). Significantly, in the inner retina where ACs signal, the
NO-dependent increase in GABA release was largely Ca2⫹
dependent and sGC independent, consistent with what we find
for cultured ACs. NO has also been reported to stimulate
GABA release from GABAergic cells in the ganglion cell layer
(most likely displaced ACs) (Maggesissi et al. 2009) in the
intact chicken retina, although the underlying mechanism was
not investigated. Previous studies measuring the effects of NO
on GABA release at other central synapses have demonstrated
both enhancement (Merino et al. 2014; Tarasenko et al. 2014)
and inhibition (De Laurentiis et al. 2000; Wall 2003). In studies
of the effects of NO on GABAergic sPSC frequency specifically, both increases in sPSC frequency (Li et al. 2002, 2004;
Xing et al. 2008; Yang and Cox 2007) and decreases in sPSC
frequency (Lee 2009) have been reported for central mammalian synapses. Both of these effects can be dependent upon
sGC activity (Lee 2009; Li et al. 2004; Yang and Cox 2007).
Here, we show that GABAergic sPSC frequency is enhanced
by NO via a sGC-independent mechanism. Together, these
studies establish that the effects of NO on GABAergic signaling can be functionally and mechanistically diverse, indicating
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Fig. 9. L-type voltage-gated Ca2⫹ channels (VGCCs), AMPARs or NMDARs
are not required for the NO-dependent Ca2⫹ influx. A: voltage clamp recording
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presence of the L-type VGCC inhibitor nifedipine (Nif, 20 M). sPSC
frequency was unchanged after removal of Nif. C: quantified mean event
frequency/30 s ⫾ SE; n ⫽ 5. *P ⬍ 0.05 (repeated measures-ANOVA). D: the
NO-dependent influx of Ca2⫹ still occurred in the presence of the NMDAR
inhibitor D-AP5 (10 M) and the AMPAR inhibitor CNQX (50 M). Data are
mean fluorescence (AU) ⫾ SE; n ⫽ 152 ROIs. ****P ⬍ 0.0001 (repeated
measures-ANOVA).
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Fig. 10. Clemizole (clem) blocks the NO-dependent increase in sPSC frequency and intracellular Ca2⫹. A: current recording from a representative amacrine cell
voltage clamped at ⫺70 mV. Application of the TRPC inhibitor clem (10 M) and coapplication of clem and the NO donor SNAP (500 M) did not alter sPSC
frequency. Removal of clem from the bath leaving only SNAP caused an increase in sPSC frequency. B: quantified mean event frequency/30 s ⫾ SE; n ⫽ 10.
*P ⬍ 0.05 (repeated measures-ANOVA). C: SNAP was unable to increase intracellular Ca2⫹ during the application of clem; however, SNAP increased
intracellular Ca2⫹ upon removal of clem. D: quantified mean fluorescence ⫾ SE; n ⫽ 46. ****P ⬍ 0.0001 (repeated measures-ANOVA). Fluorescence over time
data are plotted as mean fluorescence ⫾ SE.

that the effects of NO on the synaptic output of any one class
of neuron is not predictable.
Role of spontaneous GABA release. There is abundant evidence that spontaneous and AP-evoked vesicular neurotransmitter release occur by distinct processes that involve different
Ca2⫹ sensitivities, molecular machinery and synaptic vesicle
pools (Kavalali 2015; Smith et al. 2012). This existence of a
parallel and similarly complex system of neurotransmitter
release implies that spontaneous release has distinctive functions. One emerging role is in the regulation of the synapse

itself. Most is known about the role of spontaneous glutamate
release in regulating synaptic function; however, recent work
has demonstrated that spontaneous GABA release regulates
synaptic scaling in the embryonic chick spinal cord (GarciaBereguiain et al. 2016). The mechanism underlying this action
of GABA depends on the depolarizing effect of GABA at that
time in development, and scaling is achieved by further adjusting the level of postsynaptic Cl⫺. Our laboratory has previously demonstrated that NO can release Cl⫺ from an internal
store and transiently convert inhibitory GABAergic synapses
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into excitatory GABAergic synapses (Hoffpauir et al. 2006;
Krishnan and Gleason 2015). Thus the ability of GABA to
even transiently generate depolarization-dependent Ca2⫹ elevations opens up the possibility that NO-dependent spontaneous activity at AC synapses can further modulate their own
synaptic function.
TRPCs in ACs. Our experiments with clemizole suggest that
TRPC channels are induced to admit presynaptic Ca2⫹ by NO.
There is additional evidence in the literature suggesting the
functional expression of TRPC channels in ACs. In cultured rat
ACs, the broad TRPC channel inhibitor SKF96365 reduced
GABAergic sPSC frequency, suggesting TRPC channels play
a role in synaptic output (Ke et al. 2010). In our experiments,
SKF96365 caused an increase in sPSC frequency. In cultured
chick ACs, 2-APB was used to inhibit activation of inositol
1,4,5-trisphosphate receptors, which prevented both a depolarization- and mGluR5-dependent increase in sPSC frequency
(Warrier et al. 2005). Here (in the absence of depolarization or
mGluR5 activation), 2-APB caused an increase in sPSC frequency. Having multiple sites of action (DeHaven et al. 2008;
Hong et al. 1994; Hotta et al. 2005; Leung et al. 1996; Merritt
et al. 1990; Prakriya and Lewis 2001; Singh et al. 2010;
Usmani et al. 2010; Wang 2003), SKF96365 and 2-APB are
problematic in investigating the involvement of TRPC channels in the NO-dependent increase in intracellular Ca2⫹ and
GABAergic sPSC frequency in cultured ACs. The more specific TRPC inhibitor clemizole did not activate spontaneous
release on its own, but it was effective in suppressing the effects
of NO. Clemizole is most selective for TRPC5 (IC50 ⫽ 1.1 M),
however, it can also inhibit TRPC4 (IC50 ⫽ 6.4 M), TRPC3
(IC50 ⫽ 9.1 M), TRPC6 (IC50 ⫽ 11.3 M) and TRPC7 (IC50
26.5 M) (Richter et al. 2014). Interestingly, homomeric TRPC1,
TRPC5, or heteromeric TRPC1/5 channels can be activated by
S-nitrosylation (Yoshida et al. 2006). The effects of the Snitrosylation inhibitor NEM alone, however, precluded our use
of this reagent to assess the role of this modification. Transcripts encoding TRPCs 1 and 3–7 have been RT-PCR amplified from pools of 10 –20 cultured ACs (Crousillac et al. 2009).
There is also immunocytochemical evidence that TRPC1 is
expressed by ACs in the chicken retina and can colocalize with
nNOS (Crousillac et al. 2003). The TRPC channel (s) involved
in the NO-dependent increase in intracellular Ca2⫹ and sPSC
frequency remains to be elucidated.
Multiple effects of NO on AC synapses. As mentioned above,
we have shown that NO can transiently alter the postsynaptic
responses of ACs by releasing Cl⫺ from internal acidic compartments (Hoffpauir et al. 2006; Krishnan and Gleason 2015).
This increase in cytosolic Cl⫺ makes the reversal potential of
both GABA- and glycine-gated currents more positive, such
that synaptic voltage responses temporarily become less inhibitory or even excitatory. This change can shift the balance of
excitatory and inhibitory input at a synaptic site and increase
synaptic output (Fig. 11). Here, we show that NO also acts on
the presynaptic side of AC GABAergic synapses by activating
a TRPC-mediated Ca2⫹ influx pathway that is sufficient to
drive exocytosis in the absence of depolarization. Taken together, these results suggest that, in the inner retina, locally
generated NO can affect both pre- and postsynaptic sites.
GABA release is enhanced, and GABA action on the postsynaptic cell can lead to depolarization. If these actions co-occur,
as depicted in Fig. 11, then they will enhance inhibitory output
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Fig. 11. NO has pre- and postsynaptic effects in ACs. A, left: simplified cartoon
of a GABAergic AC (light shading) in the retina receiving excitatory glutamatergic input from a bipolar cell (BC) and presynaptic to another AC. Right:
NO synthesis in a NOS expressing AC (dark shading) can elicit changes in
both pre- and postsynaptic processes. B: expanded view of the box in A,
depicting presynaptic and postsynaptic effects of NO. Top: activation of a
Ca2⫹-dependent isoform of NOS (eNOS or nNOS) produces NO (1). NO
activates a voltage-independent Ca2⫹-permeable plasma membrane channel,
possibly via S-nitrosylation (S-NO?) of a TRPC channel, to admit Ca2⫹ into
the presynaptic terminal (2). Ca2⫹ elevations in the presynaptic terminal lead
to increased vesicle fusion events and GABA release (3) onto its postsynaptic
partner. VGCC, voltage-gated Ca2⫹ channel; GluR, ionotropic glutamate
receptor. Bottom: NO diffuses into the postsynaptic terminal and induces Cl⫺
release from acidic organelles (4) (Krishnan and Gleason 2015). Increased Cl⫺
concentration in the postsynaptic terminal reverses the Cl⫺ gradient, converting typical GABAergic inhibition into depolarization (5) (Hoffpauir et al.
2006). Depolarization (⫹) leads to activation of VGCCs in an adjacent
presynaptic site in the same process (6). Ca2⫹ influx through activated VGCCs
leads to enhanced GABA release (7). The postsynaptic partner that is downstream from the targets of NO will experience increased inhibition (8).

from the downstream AC. Ultimately, the patterns of NO
production under different stimulus conditions will determine
the sites of enhanced GABAergic output and thus the impact
on the signals that ganglion cells send to visual centers in the
brain.
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